A polyamide thin-film composite (TFC) forward osmosis (FO) membrane was fabricated and compared to a commercially available cellulose acetate (CTA) membrane for treating shale gas drilling flow-back fluids (SGDFs). The polyamide TFC membrane outperformed its CTA counterpart in terms of pure water flux and reverse salt flux when synthetic brine was used as the feed. More severe fouling was observed for the polyamide TFC membrane as compared to the CTA counterpart when treating SGDF. Very quick buildup of fouling was identified for TFC membrane but not significant for CTA membrane. Ultrafiltration pretreatment delayed but did not alleviate fouling formation. Surface modification of the TFC membrane by poly(ethylene gycol) (PEG) grafting resulted in reduced membrane fouling and marginal decrease in water flux.
Abstract 25
A polyamide thin-film composite (TFC) forward osmosis (FO) membrane was 26 fabricated and compared to a commercially available cellulose acetate (CTA) 27 membrane for treating shale gas drilling flow-back fluids (SGDF). The polyamide 28 TFC membrane outperformed its CTA counterpart in terms of pure water flux and 29 reverse salt flux when synthetic brine was used as the feed. However, due to its rough 30 and hydrophobic surface, more severe fouling was observed for the polyamide TFC 31 membrane as compared to the CTA counterpart when SGDF (with a significant 32 foulant content) was used as the feed solution. Ultrafiltration pretreatment was not 33 effective to control fouling of the polyamide TFC membrane. On the other hand, the 34 results demonstrate that surface modification of the TFC membrane by poly (ethylene 35 gycol) (PEG) grafting could be used to control the membrane fouling. The PEGylated 36
Introduction 44
Hydraulic fracturing is a key technology in the exploration of shale gas, an 45 important unconventional natural gas, which has been recognized as an essential 46 component of the global energy mix to ensure supply continuity. During hydraulic 47 7 C for 3 min. The obtained membranes were rinsed and stored in DI water before 132 further experiments and analysis. 133 134
Membrane testing systems and protocols 135

Determination of membrane active layer properties 136
Key membrane transport parameters including pure water permeability 137 coefficient, A, salt permeability coefficient, B, and salt rejection, R, of the FO 138 membranes were determined using a laboratory-scale cross-flow reverse osmosis 139 system (Sterlitech Corporation) following the standard procedure previously 140 established by Cath et al [14] . The effective membrane area was 42 cm 2 The pure water flux, J w , was measured by dividing the volumetric permeate rate 145 by the membrane surface area with DI feed water under an applied trans-membrane 146 pressure of 10 bar. Salt rejection was characterized by keeping the applied pressure at 147 10 bar and measuring the rejection of 1000 ppm NaCl solution with a calibrated 148 conductivity meter (Mettler Toledo LE703). The water flux using NaCl feed solution 149 is denoted as J w NaCl . The observed NaCl rejection, R, was determined from the 150 difference between the bulk feed (c b ) and permeate (c p ) salt concentrations, R =
where k represents the mass transfer coefficient for the cross-flow cell, and was 154 calculated from correlation for a rectangular cell geometry and laminar flow [18] . 155 156
Structural properties determination 157
A laboratory scale FO membrane system consisted of two half cells that could 158
hold a flat sheet sample of 30 cm 2 (i.e. length, width, and height were 10, 3, and 0.4 159 cm, respectively). Two variable speed gear pumps (WT3000-1FA, Baoding Qili 160 Precision Pump Co., Ltd) were used to circulate the feed and draw solutions 161 concurrently. The feed and draw solution flow rates were monitored using rotameters. 162
The temperature of the feed and draw solutions were maintained at 25  1 C. The solute resistivity, K, can be determined by the following equation [19] : 184 The membrane structural parameter, S, was defined as the product of the product 190 of K and D [20] . 
Characteristics of the FO membranes 213
The TFC membranes were prepared by interfacial polymerization using TMC and 214 cross-section of the TFC membrane fabricated in this study and the commercially 216 available CTA membrane. The TFC membrane has a rough polyamide surface with 217 myriads of corrugation (Fig. 1a) . It is supported by a porous PSf layer but has no 218 mesh reinforcement (Fig 1b) . The PSf supporting layer has finger-like voids in the 219 middle and sponge porous structure close to the both top and bottom surfaces. In 220 contrast, the commercially available CTA membrane has a smooth surface (Fig. 1c)  221 and is reinforced by an embedded mesh in the middle (Fig. 1d) . Table 1 . The TFC 229 membrane showed a pure water permeability, A, of 3.5 L/m 2 h·bar, which is about 4 230 times higher than that of the CTA membrane. However, when using the same draw 231 solution (0.5 M NaCl), water flux of the TFC membrane was about twice as high as 232 that of the CTA membrane. The difference in performance ratio between the A value 233 (water permeability) and the actual water flux in FO mode can be attributed to the 234 different structural parameters (S) of these two membranes. The structural parameter 235 (S) of the TFC membrane (519 m) was considerably higher than that of the CTA 236 membrane (421 m). As a result, internal concentration polarization associated with 237 the TFC membrane is more severe than that associate with the CTA membrane. 238
The salt rejection of the TFC membranes in the RO test was also higher than that 239 of the CTA membrane. However, because the significantly higher water flux 240 
Composition of SGDF 252
The characteristics of the SGDF after pretreated with 40 μm filter paper are 253 shown in Table 2 . The SGDF used in this study was saline (conductivity of 11.29 254 mS/cm) and slightly alkaline (pH = 8.2). The total dissolved solids (TDS) of the 255 SGDF was 6.9 g/L. Sodium and chloride were the dominant ions in this SGDF sample, 256 followed by potassium and calcium which were present at 393 and140 mg/L, 257
respectively. The concentrations of all other ions were insignificant. A synthetic brine 258 was prepared from deionized water and analytical grade salts to only include the 259 major ions found in the real SGDF (Table 2) . 260 
FO concentration process 264
Major ionic components of the synthetic brine are of the same concentrations as 265 those in the real SGDF (Table 2) . Thus, the synthetic brine and real SGDF are 266 expected to have similar osmotic pressure. In this study, the synthetic brine was used 267 as a reference (blank) since it contains no other contaminants except inorganic salt. 268
By controlling the FO concentration process to a state that the feed solution is far 269 from saturation, the fouling in FO process could be identified as the decline in the FO 270 flux against concentration ratio or time. The flux change with the concentration ratio 271 of feed was monitored using both CTA and TFC membranes as shown in Fig. 2 . 272
When synthetic brine was used as the feed, the TFC membrane showed an initial 273 water flux nearly twice that of the CTA membrane (Fig. 2) . The higher initial waterflux of the TFC compared to the CTA membrane is consistent with the characteristics 275 of the FO membranes as reported in section 3.1. As the concentration ratio increased, 276 the synthetic brine was concentrated and the draw solution (KCl) was diluted. As a 277 result, the water flux gradually decreased as the concentration ratio increased. 278
Interestingly, no obvious flux difference was observed using synthetic brine and real 279 SGDF in case of CTA membranes. However, the FO flux of TFC membrane for 280 synthetic water was significantly higher than that for SGDF. 281 Comparing the top surfaces of the TFC membrane after treating the synthetic 314 brine (Fig.4 A) and SGDF (Fig. 4 B) , we noticed that the ridge-and-valley 315 morphology was not as clear as fresh membrane (Fig. 1A) , neither as that after 316 treating synthetic brine. It appears that the initially rough surface was smeared by 317 other contaminants. This is probably correct since there contains various unknown 318 organic matters as listed in Table 1 (COD =358 mg/L). However, since the synthetic 319 brine contains no other chemicals except the inorganic salt, the tendency for the 320 membrane to be fouled by other matters besides inorganic salt is low. Moreover, the 321 synthetic brine contains mainly ions in chloride from, the solubility is relatively high, 322 thus no scaling was observed at a concentration factor of 2. When comparing the 323 membrane surfaces of CTA membranes, it is indeed quite a surprise that the 324 membrane surface relatively clean and no obvious fouling was observed, which was 325 supported by the overlapping FO flux curves for both synthetic brine and SGDF as 326 shown in Fig. 2 and 3 . 327
The complex nature of the real SGDF resulted in a quick formation of fouling 328 layer on TFC membrane surface. After formation of the fouling layer (as seen in 
Fouling mechanism 347
The results presented above indicate that TFC membrane is prone to fouling when 348 exposed to the real SGDF. Taking the membrane surface morphology into account as 349 shown in Fig. 1 , it appears that the difference in membrane surface morphology is a 350 major reason for the high fouling propensity of the TFC compared to the CTA 351 membrane. The FO flux of TFC membrane (Fig.2 and Fig. 3 ) treating SGDF declinedalmost instantaneously to about 75% at the beginning of the experiment. Combining 353 this and the SEM photo (Fig. 4 B) , the quick fouling may be due to the filling-up of 354 the ridge-and-valley surface by foulants in the real SGDF (Fig 6) . On the other hand, 355 the smooth surface of the CTA membrane reduces foulant deposition. Thus the 356 membrane surface was as clean as pristine membrane. 357
As schematically described in Fig. 6B , once the TFC surface is filled up, no 358 additional aggregation of foulants can occur and the fouled membrane surface is now 359 smooth. The duration of fouling buildup is obviously very quick, as shown in Fig. 2  360 and Fig. 3 . This may be caused by the large amount of foulants (including organic 361 matter and colloidal particles) in the real SGDF [13, 21] . The SGDF contains a wide 362 distribution of particles with a maximum distribution intensity at ~1.2 m 363 (Supplementary Information Fig. S1 ). Even after pre-filtration with a commercial 364 ultrafiltration membrane of molecular weight cutoff of about 70000 Da., there remain 365 some particles of with a mean size of 0.3 m. Therefore, formation of a severe fouling 366 on the FO membrane is highly possible. By pre-filtrating the SGDF, the initial fouling 367 of the TFC membrane was slowed down (Supplementary Data Fig. S2 ). This was 368 probably due to the lower foulant content after ultrafiltration. However, the FO flux 369 declined gradually to a similar pattern as shown in Fig. 2 (B) . 
PEG grafting 379
Above investigation on the fouling formation during FO of SGDF shows that TFC 380 membrane tends to be fouled easier than CTA membrane. Results also indicated that 381 initial aggregation of the foulants to the rough surface was the starting point. 382
Reducing the content of foulant matter only delayed the membrane fouling. Therefore, 383 in this session, PEG grafting of the TFC membrane surface was adopted to reduce theroughness and adhesion force between the surface and foulants, which has been 386 ascribed as the main reason for fouling reduction for TFC FO membrane after 387 PEGylation [13] . Jeffamine was used as the PEGylation agent. No significant changes 388 in the surface of the Jeffamine modified TFC membrane were observed (Fig.7A) . 389
However, as can be seen in Fig. 7B This observation confirmed the FO performance as shown in Fig. 8 . However, the FO 409 flux indicates that the resistance of the fouling layer was not as significant as that 410 formed on the unmodified TFC membrane (Fig. 3) . The results confirm that the 411 PEGylation is a very efficient way to reduce the membrane fouling. Further 412 optimization of the grafting density and layer thickness is necessary to maintain 413 optimal FO performance. 414 
